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Abstract Lithium salts are being investigated as
leachable corrosion inhibitor and potential replace-
ment for hexavalent chromium in organic coatings.
Model coatings loaded with lithium carbonate or
lithium oxalate demonstrated active corrosion inhibi-
tion and the formation of a protective layer in a
damaged area during neutral salt spray exposure. The
present paper provides an abridged overview of the
initial studies into this novel inhibitor technology for
the active corrosion protection of aluminum alloys.
Coating defects were investigated by microscopic
techniques before and after exposure to corrosive
conditions. Scanning electron microscopy analysis of
cross-sections of the coating defect area demonstrated
that the protective layer comprises a typical three-
layered structure, which included a dense layer near
the alloy surface, a porous middle layer, and a flake-
shaped out layer. Potentiodynamic polarization mea-
surements obtained with a microcapillary cell posi-
tioned in the coating defect area and electrochemical
impedance spectroscopy confirmed the corrosion pro-
tective properties of these protective layers. The long-
term corrosion inhibition of the lithium-based coating
technology was tested in industrial coating systems.
Keywords Leaching, Corrosion inhibition,
Aluminum, Coating, Lithium
Introduction
Aluminum alloys are used extensively in many indus-
tries and for many applications. Over the years, a wide
range of aluminum alloys has been developed to
address the performance requirements by the addition
of alloying elements such as copper, magnesium, and/
or zinc. The favorable high strength to weight ratio
makes alloyed aluminum specifically interesting for
applications in the transportation industry.
The aircraft industry makes extensive use of high-
strength aluminum-copper alloys (AA2XXX series) to
optimize the aircraft design for fatigue properties,
strength to weight ratio, and operational perfor-
mance.1–4 The high copper content makes these alloys
intrinsically more prone to corrosion compared to
alloys without copper.5 Galvanic interactions of cop-
per-rich intermetallic particles and the aluminum
matrix make aluminum alloys, such as AA2024-T3
very susceptible to localized corrosion.6–11 Corrosion
can occur in many forms on the aircraft structure (i.e.,
filiform, pitting, crevice, intergranular, galvanic, or
stress corrosion), and although mechanistically differ-
ent, these processes are similar in terms of their
potential effects in reducing the structural integrity.2
The coating system is a key elementwhen designing for
corrosion control.12 The typical corrosion protective
scheme for aluminum alloys in the aerospace industry
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comprises a chemical conversion coating or anodic film,
covered by a primer with corrosion inhibiting properties
and a topcoat.13,14 Such a scheme provides passive
(barrier) and active (leaching and inhibition) corrosion
protection.15 For decades, hexavalent chromium
(Cr(VI))-based pigments and conversion coatings have
been used to protect the high-strength aluminum
alloys.16,17 Chromates are well-known for their corrosion
inhibiting efficiency over a wide pH range and their
ability to reduce the oxygen reduction reaction.18,19
Unfortunately, Cr(VI)-based compounds are toxic and
known carcinogens, and new regulations and legisla-
tions are restricting their current and future use.20–22Over
the years, extensive research has been conducted to find
environmentally friendly alternative inhibitors that per-
form equal or better compared to Cr(VI)-containing
inhibitors.17,23–25 Among them, inorganic inhibitors such
as molybdates,26 vanadates,27,28 permanganates,29 and
rare-earth cations (such as cerium30,31 and praseody-
mium32) were investigated. Furthermore, several organic
compounds, including benzotriazole, dibutylphosphate,
and 2-mercaptobenzothiazole, and combinations with the
inorganic inhibitors demonstrated corrosion inhibition on
AA2024-T3.33–37 A new paradigm of chromate-free
corrosion protection was the introduction of magnesium
metal as sacrificial anode inacoating.38,39Magnesium-rich
primer (MgRP) technology provides cathodic protection
to the aluminum alloy by galvanic coupling of themetallic
magnesium pigment and the aluminum alloy.40,41 While
theMgRP technology showsverypromisingperformance,
the industry still needs an alternative for chromate
using the traditional leaching mechanism. Hence, the
search for chromate-free inhibitor technology is continuing.
In the 1990s, lithium became of interest as a potential
corrosion inhibitor after reports of passivity of aluminum
when exposed to alkaline lithium salt solutions.42 This
passivity is attributed to the formation of a continuous
polycrystalline lithium–aluminum–hydroxide–carbon-
ate–hydrate (Li2[Al2(OH)6]2ÆCO3ÆnH2O) film on alu-
minum exposed to such alkaline lithium solutions.43,44
Based on this phenomenon, Buchheit et al.45 developed a
lithium-based chemical conversion coating processwhich
increased the corrosion resistance of AA1100, AA6061-
T6, AA2024-T3, and AA7075-T6.
Visser andHayes found that lithiumsalts couldbeused
as leaching corrosion inhibitor in organic coatings.46 In
recent work, organic coatings loaded with lithium salts
provided fast and effective corrosion protection in an
artificial damage when exposed to neutral salt spray
(NSS) conditions (ASTM B-117).47 It was found that
lithium-ions were able to leach from the organic coating
and generate a layer in the damaged area.47
This paper presents an abridged overview of the
recent investigations into the application of lithium
salts as leaching corrosion inhibitor in organic coatings
for the protection of AA2024-T3, as presented at the
Cosi Conference 22–26 June 2015, Noordwijk, The
Netherlands. The overview provides insight into the
lithium-based coating technology based on results
generated from model coatings, describing the lithium
effect and the characterization of the protective layer
with microscopic techniques as published by Visser
et al.47 Furthermore, the mechanistic aspects of the
lithium technology such as lithium leaching, electrolyte
conditions in the damaged area and formation of the
layer will be discussed. The corrosion inhibiting prop-
erties were investigated with electrochemical impe-
dance spectroscopy and the microcapillary cell. This
work is complemented with examples of long-term
NSS exposure results of industrial coating concepts.
Experimental
Commercial materials
Polyurethane model coatings were formulated from
commercial raw materials and analytic grade materials:
– Desmophen 650 MPA. Branched, hydroxyl-bearing
polyester, 65% in 1-methoxypropylacetate-2 (MPA),
viscosity ca. 20.000 mPaÆs at 23C, hydroxyl content
5.3% equivalent weight 320 g (Covestro).
– Tolonate HDB 75 MX, Aliphatic polyisocyanate
biuret (HDI homopolymer, 75% solids), viscosity ca.
250 mPaÆs at 25C, NCO content 16.5%, equivalent
weight 255 g (Vencorex).
– Tioxide TR92 (TiO2), rutile, density 4.1 g.cm
3, oil
absorption 18 cm3/100 g (Huntsman).
– Blanc Fixe N, Synthetic barium sulfate, density 4.5 g/
cm3, oil absorption 13 cm3/100 g (Sachtleben).
– Lithium Carbonate, density 2.11 g/cm3 (Sigma Al-
drich).
– Lithium oxalate, density 2.12 g/cm3 (Sigma Aldrich).
– Magnesium oxide, density 3.58 g/cm3 (Sigma Al-
drich).
– Dynasylan GLYMO, bifunctional organosilane
(Evonik Industries).
The compositions of the industrial formulations are
based on polyurethane and epoxy concepts utilizing
the lithium coating technology.46 These concepts were
exposed to 3000 h NSS exposure and compared against
a chromated coating and a noninhibiting concept.
Tartaric-sulphuric acid (TSA) anodized AA2024-T3
unclad sheet material (0.8 mm 2024-T3 QQ-A250/5)
from Alcoa was used for the experimental work. The
TSA anodizing was performed according to aerospace
requirements (AIPI 02-01-003) at Premium AERO-
TEC, Bremen Germany.
Paint and sample preparation
The pigmented model coatings, as described in
Table 1, were prepared according to the following
procedure:
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Component A was prepared by adding the individ-
ual raw materials under stirring in a 370 mL glass jar.
After the addition of 400 g Zirconox pearls (1.7–
2.4 mm), the pigments were dispersed to a particle size
smaller than 25 lm by 20 min shaking on a Skandex
paint shaker. After this procedure, the mixtures were
filtered to remove the pearls.
Component B was mixed separately and added to
Component A. The mixture was stirred to a homoge-
neous mixture. The coatings were applied using an
HVLP (High Volume Low Pressure) spray gun on the
AA2024-T3 unclad TSA panels, 30 min after mixing.
After the application, the coatings were cured at 80C
for 16 h, and the dry film thickness of the coatings was
20–25 lm.
An artificial damage was made in the coating with a
mechanical milling device from corner to corner. The
U-shaped scribe was 1 mm wide and 100–150 lm deep
into the metal.
Experimental techniques
Neutral salt spray (ASTM B-17)
After the scribing procedure, the samples were taped
on the backside and exposed to the NSS conditions
(ASTM-B117) for varying periods of time up to 168 h
for the model systems and 3000 h for the industrial
systems. After exposure, the samples were rinsed for
2 min with flowing deionized water to remove any
residual chlorides and subsequently air-dried.
Scanning electron microscopy (SEM)
Cross-sectional observations of the scribed area was
carried out by scanning electron microscopy (SEM)
using a ZEISS Ultra 55 instrument with an acceleration
voltage of 0.5 kV.
Electrochemical impedance spectroscopy (EIS)
The protective behavior of the lithium-based organic
coatings was evaluated with EIS, using a three-
electrode set-up in a Faraday cage, equipped with a
saturated calomel electrode as the reference electrode,
platinum gauze as the counter electrode, and a scribed
panel as the working electrode. A cylindrical tube with
a 4 cm diameter was clamped to the scribed AA2024-
T3-coated substrates. The area exposed to the elec-
trolytes was 12.5 cm2, the effective electrode or scribed
area was 0.48 cm2, and the volume of electrolyte was
60 cm3. Coated alloy samples with a scribe before and
after 168 h NSS exposure were immersed in 0.05 M
NaCl solution for 2 h. Impedance measurements were
taken at the free corrosion potential using an Autolab
PGSTAT30 computer-controlled potentiostat, with
10 mV sine amplitude and a frequency range from
0.01 to 3 9 104 Hz.
Electrochemical microcapillary cell technique
Localized potentiodynamic polarization measurements
were performed with the microcapillary cell technique
using the equipment set-up as developed by Suter and
Bo¨hni.48 The glass microcapillary was pulled with a
micropipette puller (Sutter Instruments Company)
followed by grinding and polishing it to the required
size. Subsequently, a deformable hydrophobic silicone
gasket was prepared at the end of the microcapillary
tip.
For this work, a capillary with an internal diameter
of 100 lm (exposed sample area of 7.85 9 105 cm2)
was selected to perform the measurements in the
scribed area. The measurements were controlled by a
high-resolution Jaissle IMP83 PCT-BC potentiostat.
The set-up of the cell comprised a three-electrode
configuration: the sample area as working electrode
(0.48 cm2); a Pt counter electrode and an Ag/AgCl 3 M
KCl as reference electrode. The anodic potentiody-
namic scans were performed at a scan rate of 1 mVs1,
starting 50 mV from the open circuit potential (OCP)
and 5–10 min after the microcapillary was positioned.
All experiments were performed in 0.05 M NaCl
solution.
Results and discussion
The corrosion inhibiting effect of lithium salts
In 2015, the first observations of the use of lithium-based
coating technology were published presenting the anal-
ysis of the corrosion protective layers, generated from
lithium salt-loaded organic coatings.47 Figure 1 shows
optical images of coated and scribed AA2024-T3 panels
unexposed and after 168 h NSS exposure (ASTM B-
117). Figure 1a shows the pristine scribe prior to











N-Butylacetate 75.0 75.0 75.0
Desmophen 650MPA 47.7 47.7 47.7
Lithium carbonate 23.6
Lithium oxalate 32.0
Magnesium oxide 16.4 16.4
Tioxide TR 92 5.9 5.9
BlancFixeN (Ba(SO4)) 15.4 15.4
Component B
Tolonate HDB 75 MX 28.5 28.5 28.5
Dynasilan Glymo 5.2 5.2 5.2
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exposure. The coating without lithium salts (Fig. 1b)
shows an excessive amount of corrosion products in the
scribed area after exposure. This is in contrast to the
clean and shiny scribes of the samples with coatings
loaded with a lithium salt (Figs. 1c and 1d). This
observation and the visual comparison of the scribed
areas demonstrate the corrosion inhibiting effect of
coatings loaded with lithium salts upon coating damage.
Cross-sections were prepared to study the scribed
regions of these samples in more detail with SEM.
Figure 2a shows a cross-section of a sample with a U-
shape scribed area and the organic coating with a
typical thickness of 25 lm evident on both sides on top
of the aluminum. Figure 2b displays the detrimental
effect of exposure to corrosive conditions when a
coating has insufficient corrosion protection. The
scribe of the noninhibited sample shows large amounts
of voluminous corrosion products distributed relatively
homogeneously in the scribe. At higher magnification,
the cross-sections show the porous corrosion products
(Fig. 2c), which were identified with EDX as hydrated
aluminum oxides and hydroxides. In addition, evidence
of localized corrosion (Fig. 2d), such as pitting and
intergranular corrosion, was observed.47
In contrast to the samples with a noninhibited
coating, the scribes of the organic coatings containing
lithium salts showed no significant amounts of corro-
sion products. Figure 3a shows the image of a cross-
section of the clean scribe of a sample with a lithium
carbonate-loaded coating after 168 h NSS. Further-
more, SEM investigations at increased magnifications
revealed that the scribe was covered with a thin layer.
Figures 3b and 3c show such a layer formed from a
lithium carbonate-loaded coating, and no signs of
pitting or intergranular corrosion were observed. Both
the lithium carbonate and lithium oxalate sample show
this deposition behavior. Higher magnification images
of these protective layers demonstrate that these layers
generated from lithium salt-loaded coatings have a
thickness of 0.5 to 1.5 lm. The layers indicate a typical
morphology. Top-view SEM micrographs reveal the
porous columnar/petal-shaped surface of the layers
(Figs. 4a and 4b). Cross-sectional analysis with SEM at
higher magnifications point out that the layer com-
prises three distinct regions: a dense barrier region at
the metal/deposited layer interface, a porous region in
the middle, and a columnar outer region.47
Further analysis of the composition with transmis-
sion electron microscopy and electron energy loss
spectroscopy revealed that these protective layers not
only contain aluminum and oxygen, but also lithium
was distributed relatively uniformly in the layer as
well.47,49 These observations imply that the corrosion
protection or inhibition of the scribed area may be
attributed to this deposited layer that developed in situ
throughout the scribed surface area. The presence of
lithium in the protective layer suggests that lithium has
been released from the coating matrix and has an
active role in the formation of the protective layer in
the scribed area.
Fig. 1: Optical images of coated and scribed AA2024-T3 panels (a) unexposed; after 168 h neutral salt spray exposure
(ASTM B-117) for the (b) noninhibiting reference, (c) lithium carbonate, and (d) lithium oxalate-loaded coatings47
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Electrochemical evaluation of the corrosion
protective properties
The corrosion protective properties of the layers
generated in the scribed area from these lithium-
leaching coatings were investigated with electrochem-
ical impedance spectroscopy (EIS) and potentiody-
namic polarizations with the microcapillary cell
technique.
EIS measurements were performed on scribed
samples before and after NSS exposure. Liu et al.50
reported the EIS results of the lithium carbonate
sample after 168 h of NSS exposure. Figure 5 shows
the EIS results of both lithium salt-loaded samples
compared to an unexposed sample and a sample
without a corrosion inhibitor. The Bode plot of the
impedance modulus (Fig. 5a) shows that both lithium
salt containing samples display low-frequency impe-
dance values that are about one order of magnitude
higher compared to the noninhibited sample and the
sample prior to exposure. The low-frequency impe-
dance of the lithium oxalate-loaded sample is about 2
times higher compared to that of the lithium carbon-
ate-loaded sample. In addition, the lithium-loaded
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Fig. 3: Cross-section SEM images of protective layers generated from a lithium carbonate-loaded coating on AA2024-T3
after 168 h neutral salt spray exposure (ASTM B-117): (a) full scribed area, (b) curved area of bottom of the scribe, and (c)
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Fig. 2: Cross-section SEM images of scribed AA2024-T3 panels with a noninhibiting reference coating before and after
168 h neutral salt spray exposure (ASTM B-117): (a) full scribe unexposed, (b) full scribe after exposure, (c) detailed scribe
area with corrosion products, and (d) intergranular corrosion47
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samples also display higher impedance values in the
medium frequency range (100–102 Hz), which can be
attributed to the formation of the protective film.
The Bode phase diagrams (Fig. 5b) show the
increased and broadened phase angle values of the
lithium salt-loaded samples after 168 h salt spray
exposure compared to the phase angle values of the
natural oxide film in the scribed area of the scribed but
unexposed sample. This suggests the formation of a
thicker and stable film in the scribed area during the
exposure. In contrast, the noninhibiting sample also
shows a broad but much lower phase angle range
corresponding with a lower impedance modulus.
These EIS measurements after NSS exposure con-
firmed that the presence of lithium salts as a leachable
inhibitor in coating results in the formation of a
protective film in the scribed area.
Potentiodynamic polarization measurements were
performed in the scribed area with the microcapillary
cell technique.48 Figure 6 displays representative
potentiodynamic polarization curves obtained with
the microcapillary cell in the scribes of the samples
containing lithium salts after 168 h NSS exposure and
are compared to that of an unexposed scribe. The
anodic polarizations were started 50 mV from the
open circuit potential. When polarized, the unexposed
sample has a corrosion current of approximate
1 9 104 A/cm2 and a breakdown potential of
205 mV vs Ag/AgCl. In contrast to this, the
lithium-loaded samples show a reduced corrosion
current compared the unexposed (natural oxide) of
5 9 105 and 1 9 105 A/cm2 for the lithium carbon-
ate and lithium oxalate sample, respectively. In addi-
tion, the sample with a coating loaded with lithium
carbonate was polarized up to 1500 mV vs Ag/AgCl
before the breakdown potential (defined in this paper
as the potential at which the anodic current density
exceeds 1 9 102 A/cm2) was reached within the
scribe area. The lithium oxalate sample could be
polarized about 1000 mV more before showing a
breakdown potential at around 2500 mV vs Ag/AgCl
proving the significant higher passivity induced by the
lithium salt-based inhibitor leaching. This passive
behavior corresponds with the EIS data where protec-
tion in the low and middle frequency range was clearly
observed.
Toward the mechanism of the formation of the
protective layer
The proposed mechanism of layer formation consists of
several stages.47 First, oxide thinning occurs when the
damaged area is exposed to corrosive conditions, and
alkaline conditions are generated in the scribe area
upon relatively rapid release of the lithium salt-based
inhibitors.51 Second, the formation of an amorphous
aluminum hydroxide gel takes place due to the anodic
dissolution of aluminum at the substrate-gel interface
(growth process).52 Third, is the dissolution of the
aluminum hydroxide gel at the gel-electrolyte inter-
face. The balance between the formation and dissolu-
Fig. 4: SEM top-view and cross-sectional micrographs of protective layers generated from (a, c) lithium carbonate-loaded
coating and (b, d) lithium oxalate-loaded coating47
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tion depends on the pH and hence, the thickness of the
aluminum hydroxide gel depends on the alkalinity.53
The fourth and final process is the formation of the
porous nonbarrier layer on top of the amorphous
aluminum hydroxide gel. This may be the result of the
dissolution/precipitation process (aging) process as
postulated by Hurlen and Haug.54 These growth/
dissolution processes are in competition with each
other and occur simultaneously until the formation is
complete.
The formation of these protective layers from
organic coatings in the damaged area is being studied
in more detail to obtain more information about the
mechanism involved. The release of lithium-ions from
the coatings and the conditions in the scribe were
monitored, and the formation of the layer was followed
by microscopic techniques. Preliminary results show


























































Fig. 5: (a) Bode impedance magnitude and (b) phase angle plots of electrochemical impedance spectra of the coated and
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Fig. 6: Potentiodynamic polarization curves in 0.05 M NaCl
solutionmeasuredwith theelectrochemicalmicrocapillarycell
in the scribe before and after 168 h neutral salt spray exposure
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increase in alkalinity when the samples with lithium
salt-loaded coatings were exposed to the electrolyte.55
Lithium-based inhibitor technology in industrial
applications
Lithium salts were also incorporated in industrial
primer systems and applied on AA2024-T3 bare
aluminum alloy and exposed to industrial corrosion
testing according to aerospace requirements to demon-
strate industrial viability of this inhibitor approach.
The systems were compared to a state-of-the-art
chromated primer and a previous generation chro-
mate-free primer. Figure 7 shows the appearance of
the samples after 3000 h exposure to ASTM B-117
NSS conditions. The sample with a chromate-contain-
ing coating shows the well-known strong performance
with a clean scribe, free of corrosion products. The
previous generation chromate-free primer-coated sam-
ple (Fig. 7d) shows severe corrosion in the scribe and
under-film corrosion adjacent to the scribe edges. The
coatings with the lithium salt-based corrosion inhibit-
ing technology show very good corrosion protection.
The polyurethane shows (Fig. 7b) a slightly better
performance in corrosion protection compared to the
epoxy formulation (Fig. 7c). These results demonstrate
that the lithium-leaching coating technology can be
considered as a potential replacement of hexavalent
chromium as corrosion inhibitor.
Conclusions
Organic coatings loaded with leachable lithium salts
demonstrated effective corrosion inhibition AA2024-
T3 after NSS (ASTM B-117) exposure. Lithium-ions
were able to leach from the coating matrix and a
protective layer with a three-layered morphology was
formed in the damaged area. The composition of the
layer comprises aluminum, oxygen, and lithium. The
formation of such a protective layer is based on a
multistep competitive film growth and dissolution
process. Corrosion inhibitive properties of these layers
have been demonstrated with electrochemical tech-
niques, and results of long-term corrosion testing with
industrial concepts indicate that lithium salts shows
high potential as a leaching corrosion inhibitor and
may provide the industry with a new opportunity for
the corrosion protection of aluminum alloys without
the use of hexavalent chromium.
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Fig. 7: Optical images of AA2024-T3 aluminum alloy coated with industrial coating concepts after 3000 h NSS exposure
(top: entire panel; bottom: increased magnification): (a) chromated primer, (b) polyurethane-based primer with lithium salt
inhibitor technology (c) epoxy-amine-based primer with lithium salt inhibitor technology, and (d) a previous generation
chromate-free inhibitor technology
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